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Microbial contamination is frequently detected 
at different springs discharging within this type 
of aquifer system (Celico et al., 2004; Naclerio et 
al., 2008, 2009) and in carbonate environments in 
general (e.g., Personné et al., 1998; Pronk et al., 2006; 
Flynn & Sinreich, 2010). Nevertheless, no information 
is available concerning the role low-permeability 
fault zones play in the migration of microorganisms 
between adjacent compartments.
Whether a fault zone will act as a conduit, barrier, 
or combined conduit-barrier system is controlled 
by the relative percentage of fault core and damage 
zone structures (e.g., in carbonates, Mollema & 
Antonellini, 1999; Salvini et al., 1999; Billi et al., 
2003; Billi, 2005a; Agosta & Aydin, 2006; Billi et 
al., 2007; Balsamo et al., 2008; Storti & Balsamo, 
2010). A fault zone can impede fluid flow when the 
fault core is well developed (e.g., Antonellini & Aydin, 
1994; Newman & Mitra, 1994; Goddard & Evans, 
1995; Caine et al., 1996; Bense et al., 2003; Fairley 
& Hinds, 2004). Fault cores can include single slip 
surfaces (Caine et al., 1991), highly indurated, 
INTRODUCTION
The influence of tectonic structure in controlling 
groundwater flow in classic karst aquifers is well 
documented in the international literature (e.g., Drogue, 
1974; Eraso, 1986; Bakalowicz, 2005; Goldscheider & 
Neukum, 2010). For example, Drogue (1974) shows that 
the main high-permeability conduits are often developed 
along fault zones. In contrast, a number of papers 
(e.g., Celico et al., 2006; Petrella et al., 2007, 2008, 
2009a) describes a different control of tectonic features 
on groundwater flow in some carbonate aquifers in 
Southern Italy. In the latter settings, the aquifer systems 
can be compartmentalized due to low-permeability fault 
zones that partially or completely impede groundwater 
flow (e.g., Celico et al., 2006; Mohamed & Worden, 
2006). In some cases, fault zones act as aquitards and 
groundwater flow-through has been experimentally 
verified (Celico et al., 2006; Petrella et al., 2009a) despite 
the fact that concentrated head losses and very high 
hydraulic gradients in the fault core have been measured 
(up to 66% in Celico et al., 2006).
The aim of this study was to experimentally verify the significance of microbial transport 
through low-permeability fault zones in a compartmentalized carbonate aquifer system in 
Southern Italy. The temporal variability of microbial communities in two springs fed by the 
same aquifer system, but discharging up- and down-gradient of two low-permeability fault 
zones, was analyzed using a 16S rDNA polymerase chain reaction-denaturing gradient 
gel electrophoresis (PCR-DGGE)-based approach. At both springs, a remarkable temporal 
variation in PCR-DGGE profiles was detected throughout the observation period. When 
comparing the PCR-DGGE profiles of the two springs, a synchronous evolution over 
time was observed. Moreover, the percent of PCR-DGGE bands common to both springs 
progressively increased from early (23%) to late recharge (70%), only to decrease once more 
in late recession (33%). Considering the hydrogeological and isotopic investigations and 
EC measurements, the results of biomolecular analyses demonstrate that, at the study site, 
compartments straddling the analyzed fault zones have microbial interconnections, despite 
the existence of low-permeability fault cores.
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and the fracture spacing is sufficiently dense to allow 
the application of the continuum approach to describe 
groundwater flow at the metric scale (Petrella et al., 
2007). Darcy’s law can be applied in epikarstic horizons 
with some karstification, and groundwater flow is also 
expected to be laminar in the fissured bedrock (Petrella 
et al., 2008). The epikarst is widely distributed within 
the study site, with thickness ranging from a few tens of 
cm to approximately 10 m (Celico et al., 2010). However, 
the permeability contrast at the base of the epikarst is 
not large enough to cause water storage in temporary 
perched aquifers during rainwater infiltration (Petrella et 
al., 2007). Large karst conduits influence the functioning 
of the aquifer system locally in terms of groundwater flow 
and discharge (Petrella et al., 2009a).
In such a context, effective infiltration, groundwater 
flow, and microbial transport are diffuse in a well-
connected network of openings (Naclerio et al., 2008). 
The groundwater responds rapidly to recharge events 
due to fast and diffuse rainwater infiltration (Petrella 
et al., 2007). Measurements of the hydraulic head 
by means of pressure transducers in different wells 
drilled within the studied aquifer system indicated a 
time lag of less than a few days between a precipitation 
cataclastic zones (Chester & Logan, 1987), brecciated 
and geochemically altered zones (Sibson, 1977), or 
unconsolidated clay-rich gouge zones (Anderson 
et al., 1983). Some authors (e.g., Chester & Logan, 
1987; Antonellini & Aydin, 1994) have suggested that 
mineral precipitation and/or grain-size reduction 
generally yield fault cores with lower porosity and 
permeability than the adjacent protolith. Thus, fault 
core features are of utmost importance in controlling 
the migration of microorganisms through tectonic 
discontinuities behaving as aquitards, as significant 
cell removal is possible due to mechanical filtration 
and/or adsorption to clay particles (e.g., Harvey & 
Garabedian, 1991; Becker et al., 2003; Jiang et al., 
2007; Naclerio et al., 2009). For example, Janssen 
et al. (2011) studied porosity in core samples taken 
within the San Andreas Fault (California) and found 
the largest pores had an equivalent radius slightly 
greater than 200 nm, which is significantly smaller 
than bacterial cell size (typically up to a few microns). 
However, no works have analyzed the migration of 
microorganisms through low-permeability fault zones 
at field scale.
The main aim of the present study was to verify 
the significance of microbial transport through low-
permeability fault cores in a compartmentalized 
aquifer system in Southern Italy. As Italian law does 
not allow carrying out tracer experiments involving the 
inoculation of microorganisms into the environment, 
this topic was investigated by analyzing the temporal 
variability of microbial communities in two springs fed 
by the same aquifer system but discharging up- and 
down-gradient of two low-permeability fault zones. 
MATERIAL AND METHODS
Study area
The Matese Massif is a roughly East-West orientated 
mountain ridge. Its structure appears as a single 
N-vergent thrust sheet above a low angle thrust fault, 
which was later deformed by a footwall thrust sheet. 
The massif is characterized by extensive outcrops of 
platform carbonate rocks and related transitional facies 
of the pelagic basin to the North and East (Robustini et 
al., 2003). The study area extends over 7.65 km2 and 
is located within the northern portion of the Matese 
carbonate massif (Southern Italy; Fig. 1A), and is mainly 
composed of limestone (Monte Calvello and Monaci 
formations; Cretaceous-Oligocene) and subordinately 
of lower permeability rocks (Macchiagodena Formation; 
Oligocene-Burdigalian; De Corso et al., 1998). The 
Macchiagodena Formation consists mainly of marls and 
marly limestone. Monte Calvello and Monaci formations 
are mainly made up of calcarenites and calcirudites 
with intergranular material composed predominantly of 
spatic cement, biocalcarenites and biocalcirudites.
Carbonate rocks have very low matrix permeability 
but are extensively fissured. Natural gradient tracer 
experiments yielded a porosity given by fissures of 2.3 
x 10-4 (Petrella et al., 2008). Lugeon tests indicated 
limestone hydraulic conductivity on the order of 10-6 
m s-1 (Petrella et al., 2007). The carbonate medium is 
laterally and vertically well connected in the subsurface, 
Fig. 1. Hydrogeological maps at different scale (A, B, C) and cross-
section of the test site (D). 1) Quaternary deposits; 2) siliciclastic 
and marly-clayey-calcareous successions; 3) marls and clays; 4) 
limestone; 5) dolostone; 6) aquifer boundary; 7) fault; 8) perennial 
spring; 9) seasonal spring; 10) observation well; 11) groundwater flow 
direction; 12) fault zone.
275
International Journal of Speleology, 43 (3), 273-281. Tampa, FL (USA) September 2014
Bacterial migration through low-permeability fault zones
temporary springs in the same aquifer system (see for 
example Petrella et al., 2009a), discharging up to some 
or several tens of liters per second a few times a year.
Springs discharge measurements, water sampling 
and EC measurements
The discharge of both the AB and PB springs was 
monitored monthly from June 2010 to June 2011 
using a current meter.
Spring water samples for biomolecular analyses were 
collected from the AB and PB springs approximately 
every month from November 2010 to May 2011, when 
both springs discharged. Water samples (2 liters each) 
were collected in sterile bottles and transported in a 
refrigerated box to the laboratory. 
Spring water samples for stable isotope 18O analyses 
were collected from AB and PB on a monthly basis 
from July 2010 to February 2011. These analyses 
were carried out from late recession 2009/2010 to 
early recharge 2010/2011 to trace the arrival of PB 
water to the AB spring. During stable isotope analysis 
sampling, the electrical conductivity (EC) of the spring 
water was measured with a WTW probe (accuracy 
±0.5% of the value).
Isotopic Investigations
Isotopic investigations (as well as EC measurements) 
were conducted to gather data independent from the 
microbiological features of the studied groundwater. 
The isotopic content of the spring waters was utilized 
to trace the interconnection between the analyzed 
springs, considering the known “altitude effect” 
(Dansgaard, 1954), which allows for discrimination 
between rainwater precipitated at different altitudes 
and before effective infiltration into the aquifer 
system. In the studied system, the significance of 
the altitude effect has been experimentally verified 
(Petrella et al., 2009a), and the perennial spring 
discharge compartment has a mean elevation 
(approximately 1020 m asl) significantly lower than 
that (approximately 1250 m asl) of the up-gradient 
compartments feeding the seasonal spring PB.
Isotopic analyses (18O) were carried out at the 
Laboratorio di Geochimica Isotopica of the University 
of Parma, Italy. The analytical precision of the oxygen 
isotopic analysis is ±0.1‰. The oxygen isotopic 
composition is reported as ‰ vs. V-SMOW (Vienna 
Standard Mean Ocean Water).
Biomolecular Investigations
Within 8 h post-collection, the spring water samples 
were filtered through mixed esters of cellulose filters 
(S-PakTM Membrane Filters, 47 mm diameter, 0.22 µm 
pore size, Millipore Corporation, Billerica, MA, USA). 
Immediately after filtration, the filters were stored at 
-80°C until nucleic acid extraction.
DNA was extracted from filters using a PowerWater® 
DNA Isolation Kit (MO BIO Laboratories, Inc., 
Carlsbad, CA, USA).
Bacterial 16S rDNA fragments were amplified using 
nested PCR. For the primary amplification PCR was first 
conducted with the primers 27F and 1492R (Chong et 
al., 2009). The PCR mixtures contained 2 µl of extracted 
event and a rise in groundwater level (e.g., Celico et 
al., 2006).
In the test area, the unconfined aquifer is bounded 
by fault zones that act as barriers to groundwater flow, 
due to calcite-filled cataclasite, and compartmentalize 
the aquifer system (Celico et al., 2006; Petrella et al., 
2009a). However, some fault zones allow for significant 
groundwater flow-through, and interdependence of 
hydraulic heads up- and down-gradient of these faults 
has been observed (Celico et al., 2006). The aquifer 
behaves as a basin-in-series system, where the hydraulic 
head indicates a step-like shape and seasonal and 
temporary springs occur along some fault zones (Celico 
et al., 2006; Petrella et al., 2009a). At the basin scale, 
the groundwater flows westwards towards the perennial 
spring AB (Fig. 1B and C). The seasonal spring PB (1065 
m above sea level, asl; discharge 0 to 0.44 m3 s-1 in Celico 
et al., 2006; mean annual discharge of 0.09 m3 s-1) and 
perennial spring AB (980 m asl; mean annual discharge 
of 0.04 m3 s-1 in Petrella et al., 2007) analyzed within the 
present study, discharge at different altitudes along the 
same flow path. The difference in elevation between AB 
and PB is partially due to the concentrated hydraulic head 
loss within the low-permeability fault zones (investigated 
in Celico et al., 2006) that are interposed between the 
springs (Fig. 1D). This head loss is due to the very high 
hydraulic gradient within the low-permeability fault core 
(up to 66%; Celico et al., 2006).
The perennial spring AB discharges from a small 
compartment, which has been nearly completely 
protected since the 1980s, as the spring water is a 
drinking water source. Grassland covers nearly the 
entire compartment. Conversely, the land use in the 
other compartments of the same aquifer system is 
characterized by cattle grazing (several hundred heads 
of cattle, 55% of the total area) and beech woodland (45% 
of the total area).
The Thornthwaite water budget method (Thornthwaite 
& Mather, 1957) was used to provide an estimate of 
net infiltration. An estimate of runoff was obtained 
by utilizing the experimental results of surface water 
monitoring in different catchment areas of the Italian 
limestone Apennines (Boni et al., 1982). The results 
obtained indicate that all groundwater recharge during 
an average year occurs from October to June. The 
major recharge event occurs from December to April. In 
July, August and September, the weather is warm and 
evapotranspiration generally exceeds precipitation. The 
annual average rainfall level in the study area is 1240 
mm, and the annual average net recharge is 630 mm 
(approximately 51% of the annual average rainfall level). 
These values were estimated based on precipitation and 
temperature data recorded over an 80-year period (1921 
to 2000).
Taking into consideration the extension of the 
catchment area (about 7.6 km2), the annual average net 
recharge is about 4.8 x 106 m3 y-1, in agreement with 
the total mean annual discharge which was measured at 
the springs (about 4.1 x 106 m3 y-1). The slight difference 
between estimated recharge and measured discharge 
can be explained taking into consideration (i) the known 
approximation of the methodological approach usable 
to calculate the water balance and (ii) the existence of 
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RESULTS AND DISCUSSION
Hydrogeological and Isotopic Investigations
Effective infiltration began in early November 2010, 
when hydraulic head rise caused the AB discharge 
to increase and the seasonal spring PB to discharge 
(Fig. 2). During the observation period, two main 
recharge phases were observed over time according 
to the precipitation distribution. The double-peak 
hydrograph was not influenced by rapid infiltration or 
flow within karstic systems. In fact, as demonstrated 
in several studies carried out within the same aquifer 
system (e.g., Petrella et al., 2007), the multiple-peak 
hydrograph is strictly related to groundwater level 
fluctuations in the fissured carbonate bedrock. A 
sequence of two or more recharge and recession 
phases within the same hydrologic year is due to the 
fast and diffuse effective infiltration of rainwater within 
the topsoil and fissured unsaturated carbonates.
nucleic acids, 0.5 µM of each primer, 250 µM of each 
type of deoxyribonucleotide triphosphate, 10 µl of 5X 
GoTaq® Flexi Buffer, 1.25 U GoTaq® DNA Polymerase, 
1.5 mM MgCl2 (Promega Corporation, Madison, WI, 
USA) and sterile MilliQ water for a final volume of 50 µl.
PCR amplification was performed using the following 
program: 95°C for 2 min, 20 cycles of denaturation 
at 92°C for 45 s, annealing at 50°C for 2 min, and 
extension at 72°C for 1 min and 45 s, and a single 
final extension at 72°C for 5 min.
For the secondary amplification, the primer pair 
341F-GC (with 40 bp GC-clamp) and 907R (Chong et 
al., 2009) was used. The reaction mixtures consisted of 
1 μl of template, 0.5 μM of each primer, 400 µM of each 
deoxyribonucleotide triphosphate, 10 µl of 5X GoTaq® 
Flexi Buffer, 1.25 U GoTaq® DNA Polymerase, 1.5 mM 
MgCl2 (Promega Corporation, Madison, WI, USA) and 
sterile MilliQ water for a final volume of 50 µl.
Touchdown PCR was performed with an initial 
denaturation step of 94°C for 5 min, 10 touchdown 
cycles of 94°C for 1 min, 65°C (-1°C per cycle) for 1 min 
and 72°C for 3 min, 5 cycles of 94°C for 1 min, 55°C 
for 1 min and 72°C for 2 min, and a final elongation 
step of 72°C for 4 min.
The presence of PCR products was confirmed by 
analyzing 5 µl of product on 1.5% agarose gels and 
staining with ethidium bromide.
DGGE was performed with the BIO-RAD DCodeTM 
Universal Mutation Detection System. 
DGGE consists of an electrophoretic separation of PCR 
products in a polyacrylamide gel containing a gradient 
of chemical (urea and formamide) denaturants. As the 
DNA molecule encounters the appropriate denaturant 
gradient, a sequence-dependent, partial denaturation 
of the double strand occurs. This change in the 
conformation of the DNA structure causes a reduced 
migration rate of the molecule. When the method is 
used for microbial profiling, after amplification of the 
target gene, the complex mixture of the DNA molecules 
can be differentiated. Bands visible in DGGE gels 
represent components of the microbiota. Using this 
method, it is possible not only to profile the microbial 
populations, but also to follow their dynamics over 
time (Cocolin et al., 2013).
PCR samples were loaded onto 7% (wt/vol) 
polyacrylamide gels in 1X TAE (40 mM Tris base, 20 
mM acetic acid, glacial, 1 mM EDTA [pH 8.0]). The 7% 
(wt/vol) polyacrylamide gels (acrylamide/Bis solution, 
37.5:1; BIO-RAD Laboratories, Inc., Hercules, CA, USA) 
were made with denaturing gradients ranging from 35% 
to 60% (where the 100% denaturant contains 7 M of 
urea and 40% deionised formamide). The electrophoresis 
was performed at 60°C for 16 hours at 70 V. After 
electrophoresis, the gels were soaked for 15 min in 250 
ml of 1X TAE running buffer and 0.5 µg/ml ethidium 
bromide, rinsed for 15 min in 250 ml of 1X TAE running 
buffer and photographed with the Chemi-Doc System 
(BIO-RAD Laboratories, Inc., Hercules, CA, USA).
A cluster analysis of the DGGE patterns was 
performed using FPQuest Software Version 5.1 (BIO-
RAD Laboratories, Inc., Hercules, CA, USA). The 
similarity in the profiles was calculated based on the 
Dice coefficient with the UPGMA clustering algorithm.
Fig. 2. Rainfall, spring hydrographs, variation of 18O values and EC 
in spring water over time (dates are given as day.month.year).
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compartmentalized aquifer system. This difference 
might be due to the fact that this system does not 
behave as the classic karstic aquifers (Naclerio & 
Celico, 2010). Therefore, as hypothesized by Petrella 
et al. (2009b), bacterioplankton communities in the 
studied systems can be tentatively used to trace the 
hydraulic interaction between compartments and 
then flow-through along the low-permeability fault 
zones that separate the compartments.
When analyzing the results of the cluster analyses, 
the following scenario emerges. First, the water 
samples collected from PB and AB at the beginning 
of the recharge (in early November 2010, when huge 
effective infiltration causes the hydraulic head to rise 
and the seasonal spring to discharge) are significantly 
different. From this moment on, some sub-clusters 
can be observed, allowing for the grouping of monthly 
AB and PB samples during the observation period. 
Therefore, although cluster analysis indicates band 
pattern inconsistency, the analysis also reveals that 
the band pattern evolution over time was synchronous 
after some weeks from the beginning of recharge. 
This synchronicity during recharge demonstrates 
that monthly variations in band patterns in the up-
gradient compartments cause similar variations in 
the down-gradient compartment, therefore suggesting 
important groundwater inflow and bacterial cell 
migration through the investigated low-permeability 
fault zones.
These statements are further supported by 
observing the evolution over time of RDGGE versus 
the PB hydrograph (Fig. 4), where RDGGE is the ratio 
between the bands detected in both springs and 
the total bands detected in AB, when analyzing the 
DGGE profiles of each sampling campaign using 
the band matching procedure. This hydrograph is 
representative of hydraulic head fluctuations up-
gradient of the analyzed faults and is directly linked 
to variations in groundwater flow-through along the 
same tectonic discontinuities. In fact, at the beginning 
of the recharge, RDGGE was initially very low (0.23) while, 
during recharge, it progressively increased month 
by month, until March 2011, when the maximum 
discharge was measured at PB. In February 2011, a 
slight decrease in RDGGE was observed, corresponding 
to a temporary decrease in discharge at PB. At the 
end of the high flow period (March 2011), RDGGE was 
close to 0.70. From this month onward, a progressive 
decrease in common bands was observed, together 
From March 2011 onward, no significant effective 
infiltration was observed and the groundwater level 
progressively decreased. In June 2011, groundwater 
level reductions caused the seasonal spring PB to dry 
out (Fig. 2).
The mean 18O value of the perennial spring AB 
(-8.48‰ vs. SMOW; Fig. 2) did not demonstrate any 
significant variations during the low flow period, as the 
slight fluctuations were always lower than the 2 error 
of the analyses. Conversely, a significant decrease 
in isotopic content was observed several weeks 
after the beginning of the seasonal recharge, at the 
activation of the seasonal spring PB, with 18O values 
varying from -8.37‰ to -8.70‰. During the same 
sampling period, the seasonal spring PB presented 
18O content very close to the content observed in the 
water of spring AB. When both springs were active, 
a synchronous variation over time of the isotopic 
content was observed until the end of the observation 
period (February 2011; Fig. 2).
In detail, the rapid groundwater level rise in November 
2010 caused seasonal spring PB to discharge and the 
groundwater flow-through along the low-permeability 
faults (interposed between the perennial and 
seasonal springs) to increase rapidly. The increase 
in groundwater flow-through along these faults was 
clearly demonstrated by (i) the homogenization of AB 
and PB isotopic composition and (ii) the 18O values of 
AB spring (that are lower than those observed at the 
same spring during the low-flow period). In fact, these 
phenomena indicate that the groundwater coming 
from the up-gradient compartments (characterized 
by higher mean altitude) reached spring AB, causing 
the 18O values of the entire analyzed subsystem to be 
nearly homogeneous from an isotopic point of view.
These statements are further supported when 
examining the variation of EC over time (Fig. 2), which 
clearly demonstrates the same phenomenon described 
above. During the activation of the seasonal spring PB, 
the EC of the AB water increased from approximately 
310 µS/cm to approximately 340 µS/cm, indicating a 
value very close to that of PB water. After this increase, 
the EC of both springs varied synchronously over time 
throughout the observation period.
Biomolecular Investigations
Comparison of 16S rDNA polymerase chain reaction-
denaturing gradient gel electrophoresis (PCR-DGGE) 
profiles recovered from the AB and PB spring water 
samples revealed remarkable temporal variation of the 
observed band patterns throughout the observation 
period in relation to each outflow. Cluster analysis 
(Fig. 3) using the total number of PCR-DGGE profiles 
did not indicate any stable cluster, with overall similarity 
ranging from 47% to 87%. This result is in agreement 
with those obtained in the same aquifer system when 
comparing microbial communities detected in spring- 
and ground-water samples collected once in another 
compartment (Petrella et al., 2009b). Therefore, these 
results further confirm, as opposed to other European 
carbonate (karstic) aquifers (e.g., Farnleitner et al., 
2005; Pronk et al., 2009), that a single autochthonous 
microbial community does not exist in the studied 
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cataclastic zone (Celico et al., 2006). In such a context, 
heterogeneous fracture sealing is plausible due to 
differences in the precipitation rate of calcite, which 
depends on flow rate, pressure variation, fracture 
thickness and fluid composition (e.g., Lee et al., 1996; 
Lee & Morse, 1999). Model simulations (Frima et al., 
2005) indicate that for a given fracture and given 
oversaturated fluid, the sealing time depends mainly 
on fluid velocity. A high velocity favors precipitation by 
supplying a sufficient amount of dissolved elements 
in time and space. Moreover, hydraulic heterogeneity 
within these types of fault cores can be further 
enhanced by the precipitation and dissolution of calcite 
that can successively occur through time, resulting in 
the partial widening of sealed fractures.
The existence of fractures within the low-permeability 
fault core further supports the conceptual model. In 
fact, it is known that rapid contaminant migration 
is allowed through an aquitard when it is laterally 
extensive but characterized by fractures because the 
fractures diminish aquitard integrity (Cherry et al., 
2006). With regard to particle transport (e.g., bacterial 
cells), McKay et al. (1993) demonstrated the very 
rapid horizontal transport of colloid tracers in a field 
experiment in a weathered, intensely fractured zone 
of a surficial clayey aquitard. The colloid-size tracers 
moved much faster than the solute tracers because 
the solutes were strongly retarded by matrix diffusion. 
In a wider context, heterogeneity within a fault 
core in carbonates can be further emphasized by 
complex fault core facies association (e.g., Bastesen & 
Braathen, 2010) due to the coexistence of shale smear 
and clay gouge (e.g., Lindsay et al., 1993; Yielding et 
al., 1997), carbonate breccia (Billi, 2005b; Micarelli 
et al., 2003, 2006) and/or secondary calcite (e.g., 
Benedicto et al., 2008).
These results can also be applied in other 
hydrogeological settings where discontinuous 
heterogeneity is observed. For example, in granitic 
aquifers, faults with low hydraulic conductivity can 
strongly reduce the hydraulic interconnection between 
adjacent blocks and thus cause compartmentalization 
(e.g., Benedek et al., 2009).
Based on this conceptual model, point and non-point 
sources of pollution can significantly contaminate 
spring waters, even if one or more low-permeability 
fault zones are interposed between these sources and 
the springs. According to Cherry et al. (2006), the 
presence of fractures generally diminishes aquitard 
integrity, thereby allowing for contaminant migration 
through this type of low-permeability fault zone. Thus, 
the results of this study are of utmost importance when 
analyzing contaminant transport and delineating 
protection zones within compartmentalized aquifer 
systems, where chemical and/or microbial pollutants 
are introduced into the environment.
CONCLUSIONS
The present study analyzes the microbial transport 
through low-permeability fault cores at the field scale, 
using a multidisciplinary approach. The main results 
can be summarized as follows:
with a progressive decrease in discharge at PB. In May 
2011, when PB was drying out, RDGGE (0.33) was close 
to that (0.23) observed during early recharge.
Conceptual model
Considering both the hydrogeological features and 
hydraulic behavior of the studied aquifer system 
(Celico et al., 2006; Petrella et al., 2007, 2009b; Petrella 
& Celico, 2013), the results of isotopic investigations 
and the EC measurements that were conducted 
during this study, the results of biomolecular analyses 
support the following conceptual model (Fig. 1D):
a. The perennial spring AB discharges from a very 
small nearly completely protected compartment, 
and is used as a drinking water source; thus, 
at the beginning of the recharge, the microbial 
community in AB is nearly completely influenced 
and defined by the autochthonous microbiota of 
this protected compartment.
b. As this compartment is characterized mainly by 
land use (grassland) different from those (pasture 
and woodland) characterizing the up-gradient 
compartments, its microbiota differs from that 
observed in the up-gradient compartments.
c. Therefore, during recharge, within the basin-
in-series system, the groundwater coming from 
the up-gradient compartments transport the 
microbiota of these sub-systems towards AB.
d. The inflow of microorganisms from the up-
gradient compartments is clearly demonstrated 
by the progressive increase in common bands 
between the AB and PB PCR-DGGE profiles and 
the nearly synchronous evolution over time of 
both profiles each month.
e. As the arrival at AB of groundwater coming 
from the up-gradient compartments is clearly 
demonstrated by isotopic investigations and 
EC measurements, the results of biomolecular 
investigations suggest that (i) microorganisms 
can migrate through the low-permeability fault 
zones interposed between the two springs and 
(ii) their migration is influenced by aquifer 
hydrodynamics in the entire basin-in-series 
aquifer system.
This conceptual model is in agreement with the 
observation that at the study site, the low permeability 
of the fault cores is significantly influenced by mineral 
precipitation into pre-existing wider fissures within the 
Fig. 4. Hydrograph of the seasonal spring PB (full line) and the ratio 
(RDGGE) between the bands detected in both springs and the total bands 
detected in AB (dashed line) (dates are given as day.month.year).
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fault growth, structure and permeability. Journal of 
Structural Geology, 25 (11): 1779-1794. 
http://dx.doi.org/10.1016/S0191-8141(03)00037-3
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R., 2007 - Fracture-controlled fluid circulation and 
dissolutional weathering in sinkhole-prone carbonate 
rocks from central Italy. Journal of Structural Geology, 
29 (3): 385-395. 
http://dx.doi.org/10.1016/j.jsg.2006.09.008
Boni C., Bono P. & Capelli G., 1982 - Calculation of 
effective infiltration in a carbonate aquifer in central 
Italy. Comparison with different types of aquifers 
(Valutazione quantitativa dell’infiltrazione efficace in 
un bacino carsico dell’Italia centrale. Confronto con 
analoghi bacini rappresentativi di diversa litologia). 
Geologia Applicata e Idrogeologia, 17: 437-452.
Caine J.S., Coates D.R., Timoffeef N.P. & Davis W.D., 
1991 - Hydrogeology of the Northern Shawangunk 
Mountains. New York State Geological Survey Open-
File Report 1g806: 72 p.
Caine J.S., Evans J.P. & Forster C.B., 1996 - Fault zone 
architecture and permeability structure. Geology, 24 
(11): 1025-1028. http://dx.doi.org/10.1130/0091-
7613(1996)024<1025:FZAAPS>2.3.CO;2
Celico F., Varcamonti M., Guida M. & Naclerio G., 
2004 - Influence of precipitation and soil on transport 
of fecal enterococci in limestone aquifers. Applied and 
Environmental Microbiology, 70 (5): 2843-2847. 
http://dx.doi.org/10.1128/AEM.70.5.2843-2847.2004
Celico F., Petrella E. & Celico P., 2006 - Hydrogeological 
behaviour of some fault zones in a carbonate aquifer of 
Southern Italy: an experimentally based model. Terra 
Nova, 18 (5): 308-313. 
http://dx.doi.org/10.1111/j.1365-3121.2006.00694.x
Celico F., Naclerio G., Bucci A., Nerone V., Capuano P., 
Carcione M., Allocca V. & Celico P., 2010 - Influence 
of pyroclastic soil on epikarst formation: a test study in 
southern Italy. Terra Nova, 22 (2): 110-115. 
http://dx.doi.org/10.1111/j.1365-3121.2009.00923.x
Cherry J.A., Parker B.L., Bradbury K.R., Eaton T.T., 
Gotkowitz M.B., Hart D.J. & Borchardt M.A., 2006 - 
Contaminant Transport Through Aquitards: A State-of-
the-Science Review. Awwa Research Foundation, 126 p.
• Biomolecular investigations clearly demonstrated 
that at the study site, compartments straddling 
the analyzed low-permeability fault zones have 
hydraulic and microbial interconnections, 
which could also allow for the transport of 
chemical pollutants from up- to down-gradient 
compartments.
• From the methodological point of view, the 
approach used in this study has the advantage of 
analyzing the effect of low-permeability fault cores 
on the migration of microorganisms in a saturated 
aquifer, avoiding possible misunderstandings 
related to indirect speculations based on 
core characterization. Data acquired through 
studies of exposed fault rocks can be limited 
because exhumed fault rocks are altered during 
exhumation, obscuring fault-related mineral 
assemblages and textures and thus increasing 
the possibility of wrong interpretations regarding 
the transport of bacterial cells.
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